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METHOD AND APPARATUS FOR BALANCING ACTIVE CAPACITOR 

LEAKAGE CURRENT 



PF.T .ATF.D A PPLICATIONS 
5 This application claims priority to U.S, provisional application $erial*no. 

60/333,453, filed November 27, 2001, entitled "Method And Apparatus For 
Balancing Active Capacitor Leakage Current." 

This application also claims priority to U.S. provisional application serial 
no. 60/335,234, filed November 30, 2001, entitled "Method And Apparatus For 
10 Balancing Active Capacitor leakage Current." 
BACKGROUND OF THE INVENTION 
Field of the Invention 

This invention relates generally to circuits and, more specifically, the 
present invention relates to circuits including series stacked capacitors. 

15 Background Information 

One function of a power converter is to convert rectified alternating 
current (AC) power into a regulated direct current (DC) output. Figure 1 shows 
elements included at an input 103 to a power converter 101. Diode bridge BRl 
105 rectifies AC input.. Series stacked capacitors CI 107 and C2 109 are coupled 

20 across diode bridge BRl 105 to smooth the output voltage of diode bridge BRl 
105. Series stacked capacitors are conraion in power supplies that can be 
configured to operate using multiple different input voltages such as for example 
either 1 15V AC or 230V AC. As shown, switch SWl 1 II is coupled between 
diode bridge BRl 105 and the connection point 113 between series stacked 
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capacitors CI 107 and C2 109. When operating for example at 230VAG, switch 
SWl 1 1 1 is opened. When operating for example at 1 15 VAC, switch SWl 1 11 is 
closed. 

Resistors Rl 115 and R2 1 17 are coupled across series stacked capacitors 
5 CI 107 and C2 109 as shown to maintain roughly equal voltages across CI 107 
and C2 109 and provide the necessary bleed current needed to balance the voltage 
across series stacked capacitors CI i07 and C2 109 when the supply is configured 
for 230V AC input. During 11 5 VAC operation, the two series stacked capacitors 
CI 107 and C2 109 function as part of an input voltage doubler circuit. When 
10 configured for 230V AC, however, the two series stacked capacitors CI 107 and 
C2 109 have no DC connection to a center point voltage other than that which is 
provided by resistors Rl 115 and R2 117. Without resistors Rl 115 and R2 117, 
the center point voltage of the two series stacked capacitors CI 107 and C2 109 
can deviate from the ideal Yi DC input due to capacitor leakage current, which can 
15 cause one capacitor to have more voltage stress thaii the other capacitor. In fact, it 
is possible that one of the capacitors can be over-voltage stressed and become 
damaged. 

Resistors Rl 115 and R2 117 therefore provide a solution to the balanpe 
problem by providing bleed current. The resistance values of Rl 1 15 and R2 1 17 
20 must be low enough to establish a bleed current that is several times higher than 
the worst case leakage current imbalance between the series stacked capacitors CI 
107 and C2 109 in order to be effective. This requires the resistors to dissipate 
much more power than the actual power dissipated as a result the difference . 
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current between the two capacitors. Consequently, resistors Rl 1 15 and R2 117 
result in significant input power consumption with respect to many standby or 
output no-load requirements of a power supply converter coupled to receive the 
rectified AC power. 



SUMMARY OF THE INVENTION 

An active circuit that substantially reduces the bleed current required for 
balancing leakage current in series stacked capacitors is disclosed. This active 
circuit can also be designed to disconnect any bleed cunent when capacitors are 
5 configured for voltage doubler operation as bleed current is not necessary in this 
configuration. In one embodiment, the circuit is switched across a capacitor to 
provide bleed current as required to balance the leakage current. In one 
embodiment, the voltage at the connection point between two capacitors is 
^ bounded within a few volts of two reference voltages! In one embodiment, the 

10 bleed current is substantially equal to the difference in leakage current between . 
two series stacked capacitors. In one embodiment, the active circuit includes a 
sink-source follower circuit. In one embodiment, a sink-source follower circuit 
includes inputs where each are referenced to voltages that are offset by a fraction 
of the voltage applied across the series stacked capacitors and the outputs of the 

15 sink-source follower circuits are coupled to the connection point between two 
series stacked capacitors. In one embodiment the offset is limited to a very low 
value and can be substantially zero. In one embodiment, the sink follower circuit 
includes a PNP bipolar transistor coupled to a source follower circuit, which 
includes an NPN bipolar transistor. In one embodiment, resistors are connected in 

20 series with the collector of each of the bipolar transistors to linwt the peak current 
conducted by the bipolar transistors. In one embodiment, the active circuit is used 
in a power supply circuit 
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In another embodiment, a method of substantially reducing the bleed 
current required for balancing leakage current in series stacked capacitors utilizing 
an active circuit is disclosed. In one embodiment, the bleed current required is 
switched in as required to balance leakage current from the series stacked 
5 capacitors. In one embodiment, the bleed current from the active circuit is 

switched off and is substantially equal to zero when series stacked capacitors are 
configured for doubler operation. In one embodiment, the bleed current is 
substantially equal to a difference in leakage currents between two capacitors. In 
one embodiment, the active circuit includes a means to maintain an output 
10 voltage, connected to the connection point between two series stacked capacitors, 
relative to an input reference voltage. In one embodiment, the disclosed method is 
applied in a power supply circuit. Additional features and benefits of the present 
invention will become apparent from the detailed description and figures set forth 
below. 
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RRTEF DRSCRIPTION OF THE DRAWINGS 

The present invention detailed illustrated by way of example and not 

limitation in the accompanying figures- 
Figure 1 shows a circuit schematic of a known technique to balance 

capacitor leakage current from series stacked capacitors. 

Figure 2 shows one embodiment of a circuit schematic in which capacitor 

leakage current from series stacked capacitors is balanced in accordance with the 

teachings of the present invention. 



nPT AH F n DESCRIPTION 

An embodiment of a circuit schematic that balances active capacitor 
leakage current is disclosed.. In the following description, numerous specific 
details are set forth in order to provide a thorough understanding of the present 

5 invention. It will be apparent, however, to one having ordinary skill in the art that 
the specific detail need not be employed to practice the present invention. In other 
instances, well-known materials or methods have not been described in detail in 
order to avoid obscuring the present invention. 

Reference throughout this specification to "one enibodiment" or "an 

10 embodiment" means that a particular feature, structure or characteristic described 
in connection with the embodiment is included in at least one embodiment of the 
present invention. Thus, the appearances of the phrases "in one embodiment" or 
"in an embodiment" in various places throughout this specification are not 
necessarily all referring to the same embodiment. Furthermore, the particular 

15 features, stractures or characteristics may be combined in any suitable manner in 
one or more embodiments. 

As an overview, input power dissipation associated with the balancing of 
leakage current of series stacked capacitors is reduced according to an 
embodiment of the present invention. In one embodiment, a circuit according to 

20 the teachings of the present invention actively balances the voltage of series 

stacked capacitors using high voltage low current transistors, such as for example 
one PNP and one NPN bipolar transistor. In one enibodiment, the transistors are 
configured in a sink-source voltage follower arrangement with the bases of these 
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transistors tied to slightly different or offset reference voltages centered near 
DC input voltage with a very high impedance, low dissipative resistor divider 
network which includes three resistors. The emitters of the two transistors are 
both tied to the connection point between series stacked capacitors and provide an 
5 active sink-source drivCj which bounds the voltage at this point to be within input 
references. 

To illustrate. Figure 2 shows generally one embodiment of a circuit 201 
according to the teachings of the present invention to actively balance the voltage 
of series stacked capacitors. In one embodiment, circuit 201 is a portion of a 

10 power converter or power supply that rectifies and smoothes a high voltage AC 
input. In the illustrated embodiment, circuit 201 is adapted to be compatible with 
multiple different input voltages for the power supply or converter such as for 
example but not limited to 230 VAC or 1 15 VAC. As shown in the depicted 
embodiment, diode bridge BRl 205 is coupled to rectify AC input 203 voltage 

15 and stacked capacitors CI 207 and C2 209 are coupled across diode bridge BRl 
205 to smooth the rectified voltage. As shown, switch SWl 21 1 is coupled 
between diode bridge BRl 205 and the connection point 213 between series 
stacked capacitors CI 207 and C2 209. When operating for example at 230V AC, 
switch SWl 211 is opened. When operating for example at 115VAC, switch 

20 SWl 211 is closed to provide voltage doubling across the series combination of 
CI 207 and C2 209. 

As shown inside box 200 of Figure 2, one embodiment of a sink-source 
voltage follower circuits are illustrated. The illustrated sink-source voltage 
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follower circuits include a resistor Rl 215, a bipolar NPN transistor Ql 219, a 
bipolar PNP transistor Q2 221 and a resistor R2 217 coupled in series across 
series stacked capacitors CI 207 and C2 209. The control terminals or bases of 
transistors Ql 219 and Q2 221 are connected through resistor R5 227 and are 
5 therefore biased to input reference voltages slightly offset from each other. In one 
embodiment, the degree of offset of the input reference voltages is provided with 
a resistor network and is governed by the choice of resistors R3 223, R4 225 and 
R5 227. When the switch SWl 211 is closed to provide voltage doubling across 
the series combination of CI 207 and C2 209, the offset introduced by resistor 

10 227 allows transistors Ql 219 and Q2 221 to be effectively disconnected and 
prevent the circuit from trying to correct for true voltage differences in the 
voltages applied to capacitors 207 and 209 on subsequent AC half cycles. In one 
embodiment, resistor R5 may have a resistance substantially equal to zero, which 
limits the offset to a low or substantially zero value and has the effect of replacing 

15 R5 227 with a short circuit connection effectively connecting the bases of bipolar 
transistors Ql 219 and Q2 221 together. In one embodiment, the resistance values 
of resistors R3 223, R4 225 and R5 227 are much larger than resistors Rl 115 and 
R2 1 17 of Figure 1, which reduces the power dissipation in these resistors R3 223, 
R4 225 and 227 in comparison with resistors Rl 115 and R2 117 of Figure 1. 

20 In the embodiment illustrated in Figure 2, the sink-source follower circuit 

has its output connected to the connection point 213 between the series stacked 
arrangement of series stacked capacitors CI 207 and C2 209. Either transistor Ql . 
219 or Q2 221 will turn .on if the voltage at output of the sink-source follower at 
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connection point 213 deviates by more than the upper or lower input reference 
voltage as defined by the resistor divider netv^ork R3 223, R4 225 and R5 227. In 
this way, the output of the sink-source follower at connection point 213 is 
maintained within the input reference voltage range defined by R3 223, R4 225 

5 and R5 227. In the embodiment shown in Figure 2, R5 227 offsets the input 
reference voltages at the control terminals or bases of the transistors Ql 219 and 
Q2 221 of the sink-source follower such that the base of transistor Ql 219 is 
slightly below one half the DC input to the series stacked capacitors and the base 
of transistor Q2 221 is slightly above one half the DC input to the series stacked 

10 capacitors. This is to ensure that both triansistors will be off when series stacked 
capacitors are configured. for doubler operation with switch SWl 21 1 closed. In 
another embodiment, not shown, the reference voltages defined by the choice of 
resistor R3 223, R4 225 and R5 227 are not centered at one half the DC input 
voltage to the series stacked capacitors but at some other fraction of the DC input 

15 voltage. Resistors Rl 215 and R2 217 in Figure 2 are chosen to have much lower 
resistance than R3 223, R4 225 and R5 227 and limit the power dissipation in the 
sink-source follower. 

It is appreciated that although the embodiment illustrated in Figure 2 uses 
a series stack of two capacitors, this circuit could apply to any number of series 

20 stacked capacitors where the connection point between each pair of capacitors in 
the series stack would be connected to the output of a separate sink-source 
follower circuit in accordance with the teachings of the present invention. 
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Therefore, the embodiment illustrated in Figure 2 actively controls the 
voltages across series stacked capacitors CI 207 and C2 209 where either 
transistors Ql 219 or Q2 221 may be on depending on the polarity of capacitor 
leakage offset. This bleed current provided by the correcting transistor Ql 219 or 
5 Q2 221 will be substantially equal to the leakage current imbalance of capacitors 
CI 207 and C2 209 and therefore the minimum required to perform this function. 
As a result, dissipation of the balancing circuit is kept to a substantially minimal 
value. 

In the foregoing detailed description, the method and apparatus of the 
10 present invention has been, described with reference to specific exemplary 

embodiments thereof. It will, however, be evident that various modificatipns and 
changes may be made thereto without departing from the broader spirit and scope 
of the present invention. The present specification and figures are accordingly to 
be regarded as illustrative rather than restrictive. 
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